The aim of this work was to prepare slurries of hydroxyapatite (OHAp) with a high content of solids, which is necessary for shaping pieces by the gelcasting method. For this purpose different studies were carried out using powders of OHAp calcined at temperatures ranging between 600 and 1200 C and several dispersants. Surface area, porosity and chemical composition of OHAp powders played a fundamental role in the viscosity of slurries. The highest concentration of solid was obtained with OHAp calcined at 1200 C. The best dispersant was selected in a first stage, by electrophoretic measurements and sedimentation studies and, finally, by rheological measurements. The concentration of dispersant which provides the minimum viscosity, depended on the calcination temperature of the OHAp. A great increased of viscosity took place for time of slurries preparation higher than 30 min. Milling of powder for 20 h was necessary to improve the rheological behaviour of the slurries. Finally, ceramic bodies were prepared from fluid slurries containing 60 vol.% of solids and the mechanical properties were evaluated. #
Introduction
Calcium phosphate ceramics, mainly hydroxyapatite (OHAp), have been widely used in the replacement of the bone tissue. 1À4 OHAp shows excellent biocompatibility with hard tissues and directly bonds to bone. However, its clinical application has been limited due to its low mechanical reliability and to the difficulty to obtain pieces with complex shapes similar to bone defects.
Janney and co-workers 5, 6 developed a new method, named gelcasting, which allows to obtain pieces with complex shapes and high mechanical strength. This method use slurries of ceramic powders with high solid content and an aqueous solution of monomers as the dispersing vehicle. By in situ polymerisation of the dissolved monomers, a macromolecular network is created that binds ceramic particles together, thus producing green bodies with high density and strength, able to be machined by conventional methods. Because of the high solid content and the use of bifunctional monomer, the green bodies only contain a small amount of volatile binder, thus, the risks of cracking and shrinkage during drying and sintering are minimised. This method has been successfully applied to ceramics such as alumina, 7À9 silicon nitride, 10 rutile, 11 silicon carbide 12, 13 and alumina-zirconia composites. 14, 15 In addition, this method has been combined with a foaming method to produce porous OHAp ceramics. 16 Gel casting requires slurries with good flow properties and high solid content (at least 50 vol.%). However, only solid contents lower than 50 vol.% have been achieved in most of the previous reports on the preparation of slurries of OHAp.
16À19
In order to obtain dispersed slurries with high solid content it is necessary to study the different factors affecting their stability and rheology, such as the characteristics of the dispersing medium, type and amount of dispersant, powder characteristics (specific surface area, chemical composition and size distribution of the powder particles), preparation time of slurries and solid content.
In this work the above-mentioned aspects were studied using powders of OHAp calcined at temperatures ranging between 600 and 1200 C and several dispersants. Slurries with high content of solid (up to 60 vol.%) and good fluidity were investigated.
Materials and methods

OHAp preparation and characterisation
OHAp was prepared by neutralising an aqueous slurry of Ca(OH) 2 (Riedel-deHae¨n) with a solution of H 3 PO 4 (Merck). This was slowly added to the Ca(OH) 2 suspension until the pH reached 7.1 and the mixture was stirred for 30 min. The reaction was carried out at 90 C. The HA slurry was aged for 24 h at room temperature, decanted and vacuum filtered. The cake was dried at 105 C for 12 h and afterwards, the solid was ground in a vibrating mill. The so obtained OHAp was characterised by XRD in a Philips X'Pert MDP diffractometer (Cu K a radiation) and FTIR in a Nicolet Nexus spectrometer. Quantitative analysis of Ca and P were performed by X-ray fluorescence on a S4 EXPLORER, Brucker AXS. The results of the characterisation showed that the OHAp obtained was a type B carbonateapatite, with partial subtitution of CO 3 2À by PO 4 3À and a Ca/P molar ratio of 1.68. The initial OHAp was calcined at temperatures varying from 600 to 1200 C during 1 h, in order to study the influence of calcination temperature on the properties of OHAp powders and consequently on their slurries.
The phase composition of the OHAp powders calcined at different temperatures was analysed by XRD. Specific surface area was calculated using the BET method from N 2 adsorption isotherm obtained in a Micromeritics ASAP2010 analyser. Mercury intrusion porosimetry (Micromeritics AutoPore III) was used to study the pore size distribution. The morphology of the powder was studied by scanning electron microscopy (SEM) using a Jeol 6400 Microscope-Oxford Pentafet super ATW system. Particle size distribution was determined by sedimentation using a Sedigraph Micromeritics 5100 Size Analyser.
Dispersants
The name and composition of dispersants studied are shown in Table 1 . All of them had anionic character, because this kind of dispersant seems to be more effective to stabilise OHAp slurries. 17 The best dispersant was selected on the basis of electrophoretic, sedimentation, and viscosity measurements.
Electrophoretic measurements
The electrophoretic mobility of the OHAp particles was determined with a laser Zmaster. Suspensions containing 1.10 À4 wt.% of OHAp and 1 wt.% of dispersant were prepared using a 10 À3 mol/l KNO 3 solution. The suspensions were ultrasonically dispersed during 15 min. The measurements of electrophoretic mobility were made as a function of pH in the range 4-12 at 20 C. The pH adjust was made with KOH and HNO 3 solutions. Zeta potential (ZP) was calculated by using the Smoluchowski equation from electrophoretic mobility measurements. 20 Each ZP value reported was calculated from the average of five measurements.
Sedimentation study
Sedimentation tests were carried out on 2 vol.% suspensions of OHAp, using a dispersant concentration of 1 wt.%. The suspensions were dispersed by magnetic stirring during 5 min. followed by ultrasonic treatment for 2 min. An aliquot of 10 ml of the dispersed suspension was poured in a graduated cylinder. The height of the interface between the clear and turbid portions (sedimentation height) was measured after 24 h and 3 weeks, and the height of sediment accumulated on the bottom of the cylinder was measured after 3 weeks.
Slurries preparation
An aquoeus solution containing 15 wt.% of methacrylamide (Aldrich) and N,N 0 -methylenebisacrylamide (Aldrich) monomers in 6/1 ratio was used as dispersing vehicle. The slurries were prepared by mixing, in a first stage, the dispersant and the monomeric solution, then the resultant solution was added to the OHAp powder and all components were mixed in a planetary ball mill.
Viscosity measurements
Viscosity was measured using a Haake ReoStress RS75 rheometer with a cone-plaque system. Measurements were performed at 20 C, in the shear rate range of 1-700 s À1 .
Results and discussion
Powder characterisation
The XRD patterns of OHAp powders calcined at different temperatures are shown in Fig. 1 . The patterns of samples calcined at temperatures of 1100 C and lower showed only the characteristic reflections of OHAp. 21 Two additional maxima at 37.4 and 53.9 2 were observed in the sample calcined at 1200 C. They were attributed to CaO 22 formed by decomposition of carbonateapatite. The content of CaO, determined by the Rietveld method, was 1.3 wt.%. Fig. 2a shows the specific surface area as function of calcination temperature. The higher the temperature, the lower the surface area. A great decrease took place for powder calcined at temperature between 600 and 900 C. The surface area decreased from 52 m 2 /g, for the powder dried at 105 C, to 1 m 2 /g for the powder calcined at 1200 C. The morphology of OHAp powder did not changed significantly by calcination at temperatures between 600 and 1000 C, in spite of surface area decreased from 47 to 11 m 2 /g. Apparently, only the surface of the particles became smoother as the calcination temperature was increased. However, the particles size considerably increased, because of partial sintering, when calcination temperature of 1100 and 1200 C were employed. The curves of intruded Hg volume versus pore diameter for samples calcined at different temperatures are shown in Fig. 2b . Samples heated at 105 and 900 C displayed two contributions to the intruded Hg volume, whereas sample calcined at 1200 C showed only the first step. The first step corresponds to inter-agglomerates pores and the second one is due to pores between particles forming agglomerates. The shape of the intruded Hg volume curve of sample calcined at 1200 C is characteristic of a non-porous powder.
In order to obtain colloidal slurries it is necessary to use powders with low surface area, because powders with high surface area tend to form undesirable agglomerates. On the other hand, powders with low surface area (calcined at high temperature) have higher density and grain size. This could make the bigger particles to settle out resulting in density heterogeneity. In addition, the increase of particle size and the diminishing of surface area difficult the final sintering. Therefore, a compromise between these aspects must be reached. Previous studies have shown that OHAp powders with surface area around 10 m 2 /g are suitable to prepare slurries with a solid content of 50 vol.%. 23 Therefore, powder calcined at 900 C was selected for initial experiments.
Dispersant selection
In order to prepare dispersed slurries, it is necessary to increase the repulsive forces between particles. In general, the dispersion of slurries can be achieved through electrostatic, steric or electro-steric mechanisms. 24 Electrostatic stabilisation is accomplished by generating global charges with equal sign and high enough on the surface of the particles. Steric stabilisation is achieved by adsorption of polymeric additives, which form protective colloids. Electro-steric stabilisation is a combination of electrostatic and steric mechanisms. It requires the presence of adsorbed polyelectrolytes and significant electrical double-layer repulsion. 25À27 The pH and the ionic strength of the solvent are very important parameters influencing phenomena of surface charging and adsorption. pH affects both, the surface charge of the particles, and the dissociation degree and conformation of the adsorbed polyelectrolytes.
Electrophoretic measurements
The electrophoretic measurements are related to the electric repulsive forces that a dispersant provokes between particles. Therefore a study of influence of dispersant and pH on ZP was carried out. Fig. 3 shows the curves of ZP as a function of pH for OHAp calcined at 900 C without dispersant and with three of the studied dispersants. All dispersants exhibited a similar behaviour, i.e., they increased the absolute value of ZP, which represents an increase of the repulsive forces between particles. Absolute value of ZP and dispersing efficacy of all dispersants under study increases with pH and almost all reached the maximum at pH 8, then keeping almost constant until pH 12. The ZP values obtained at pH 8 for all the dispersants studied are shown in Table 2 .
Taking into account that higher ZP values were obtained at pH 58, and that for anionic polyelectrolytes having carboxylic groups, the maximum dissociation occurs at basic pH, 28, 29 the pH of the slurries was adjusted at 8.5 in the rest of the study.
Sedimentation study
The results of this study are shown in Fig. 4 . It was observed that dispersants Darvan 811, Dispex GA40 and Glaskol K11 were the most effective in preventing sedimentation. These dispersants provide maximal deflocculation of particles (highest sedimentation height) and disintegration of the particle aggregates (lowest sediment height).
The results of ZP and the sedimentation study showed that although various dispersants produce high absolute values of ZP, only three of them induced a good behaviour of sedimentation. Therefore, besides the electrostatic repulsion, the steric repulsion must play an important role.
Viscosity measurements
Slurries with 30 vol.% of OHAp calcined at 900 C were prepared using the three dispersants previously selected (Darvan 811, Dispex GA40 or Glaskol K11). The concentration of dispersant was varied between 1 and 8 mg/m 2 and the viscosity was measured as an indicator of the dispersion state of the slurries. It is usually assumed that the best state of dispersion and stability of a slurry corresponds to the minimum viscosity of the suspension. Darvan 811 and Glaskol K11 produced fluid slurries, however, Dispex GA40 yielded foamed slurry not suitable to produce dense ceramics bodies. The results for Darvan 811 and Glaskol K11 are shown in Fig. 5a . It was observed that the lowest viscosity was obtained when Darvan 811 was used. For both dispersants the lowest viscosity was obtained for intermediate concentrations of dispersant (%0.9 to 3.8 mg/m 2 ). At low amounts of dispersant, the electric double layer is not enough to achieve an effective interparticle repulsion and prevails the attraction between them. When a higher amount of dispersant is added, the electric double layer is compressed by too high electrolyte concentration and the electrostatic repulsion is less effective and, therefore, the viscosity increases. Besides, an excess of non-adsorbed polyelectrolyte in solution could provoke a viscosity increase.
In order to study the content of admissible solid, slurries containing 40 and 50 vol.%, of OHAp calcined at 900 C, were prepared using a concentration of Darvan 811 of 2.3 mg/m 2 . The slurries with 40 vol.% were liquid but the viscosity was higher (0.70 Pa s at 200 s À1 ), while when a solid concentration of 50 vol.% was used the slurries had a paste-like consistency.
For this reason, powders calcined at higher temperatures (lower surface area) were employed and the influence of the calcination temperature on slurries viscosity was studied. Slurries with 40 vol.% were prepared from OHAp powders calcined at temperatures ranging between 1000 and 1200 C using a concentration of Darvan 811 equal to 2.3 mg/m 2 . The variation of the apparent viscosity of the slurries as function of the calcination temperature is shown in Fig. 6 . It was observed a great decrease of viscosity when OHAp powder calcined from 1000 to 1100 C were used, being those slurries prepared with powders calcined at 1100 and 1200 C very fluid. Afterwards, slurries with a higher solid content (50 vol.%) were prepared with OHAp powder calcined at 1000, 1100 and 1200 C. Slurries prepared with OHAp calcined at 1000 and 1100 C had a paste-like consistency whereas the one prepared with OHAp 1200 C was liquid. Therefore, only powders calcined at 1200 C were suitable to prepare suspensions with a solid content 550 vol.%.
The OHAp calcined at 900 C was a carbonateapatite. Whereas by calcining at 1200 C a mixture of hydroxyapatite and calcium oxide was obtained. Differences in phase composition may induce changes in the dispersant adsorption and therefore different amount of dispersant would be necessary to obtain fluid slurries. Fig. 5b shows the apparent viscosity versus dispersant concentration for slurries containing 30 vol.% of OHAp calcined at 1200 C. Comparing this results which those obtained for OHAp calcined at 900 C (Fig. 5a ), it can be observed that the lowest viscosity was obtained for different concentration of D811 for OHAp calcined at 900 and 1200 C. The minimum viscosity was reached with concentrations of D811 in the range of 0.9 to 3.8 mg/m 2 with powder calcined at 900 C whereas for OHAp calcined at 1200 C the best concentration was %5 mg/m 2 . This fact may be related to the presence of CaO in the powder calcined at 1200 C. In the presence of water CaO quickly transforms into Ca(OH) 2 which is slightly soluble and provide Ca 2+ ions to the medium.
Several studies 30À32 have showed that Ca 2+ ions increase the adsorption of poly(acrylic acid) in slurries of alumina, titania and calcium carbonate and this effect has been related to interactions of Ca 2+ with the polyelectrolyte.
The slurries made from powder calcined at 1200 C were always more fluid than those made from powder calcined at 900 C for all concentrations of dispersant studied. Therefore, besides chemical composition and surface area of the powder another factor influencing slurry fluidity should be present. Part of the liquid in a slurry is immobilised inside the pores of agglomerates, therefore the effective volume of liquid would be higher in powder with lower porosity. As can be observed in Fig 2b powder porosity decreased significantly as the calcination temperature increased. Therefore the viscosity of powder calcined at 1200 C would be lower.
Mixing time
The homogenisation of OHAp powder and the dispersing liquid was made in a planetary ball mill. During this process, homogenisation of components and powder dispersion take place. Therefore, it is important to know the time to reach the best state of dispersion. It was evaluated by measurement of viscosity in slurries with 50 vol.% off OHAp calcined at 1200 C. The results are shown in Fig. 7 . It can be observed that the viscosity increased significantly with the time of mixing. If the increase of viscosity during milling were due to a decrease of particle size (increasing of the specific surface area) or to degradation of the dispersant, 33 a higher amount of dispersant would be necessary. Therefore, after each mixing time more dispersant was added. However, not decrease of viscosity was observed when more dispersant was added. That result shows that another aspects are affecting the dispersant adsorption and the slurries stability, which increase with the mixing time. Taking into account all these data, the best mixing time for dispersing the slurries was considered to be 30 min, time that was employed for the rest of the experiments in this work.
Influence of particle size
The particle size and its distribution is another aspect that plays an important role in the rheological behaviour of suspensions. For this reason, the OHAp powders were dry milled for different times (2, 4 and 20 h) before preparing the slurries. The particle size distribution and the surface area were determined after milling. The influence of milling time of OHAp powder on slurry viscosity was evaluated.
The particle size distribution, determined by sedimentation, and morphology are shown in Fig. 8 . It was observed that the average particle size decreased from 62 to 3 mm and the surface area increased from %1 to 3.5 mg/m 2 after 20 h of milling. The curves obtained for different milling times show wide distributions of particle size. Before milling the powders were formed by aggregates of many particles with size ranging between 30 and 0.5 mm. Particles showed irregular shape, with a wide distribution of sizes. After 4 h of milling, the size ranged between 5 and 0.2 mm. After 20 h aggregates with size around 5 mm were observed, however the majority were much smaller, prevailing in number those with size lower than 1 mm. This powder is a mixture of individualised primary particles and broken aggregates of different size formed during calcination. This kind of distribution can lead to closer packing on the posterior process of consolidation because smaller particles can fit into the interstices between larger particles.
The influence of particle size and its distribution on the viscosity was evaluated for slurries containing 40 vol.% of OHAp using Darvan 811 as dispersant. Different concentration of dispersant was used in order to study if, during dry milling, changes in the OHAp powder that affect the adsorption of dispersant took place.
It can be observed in Fig. 9 that viscosity of slurries prepared using OHAp milled was lower than that without milling, being the viscosity much lower when powder milled for 20 h were used. The concentration of dispersant rendering the lowest viscosity was similar for powders milled for different times.
Solid content
The maximum admissible solid content was determined by viscosity measurements using the conditions selected before. Slurries containing between 40 and 60 vol.% of OHAp calcined at 1200 C and milled for 20 h, were studied. The curves of viscosity versus shear rate of this slurries are shown in Fig. 10 . The viscosity of the slurries with 40, 45 and 50 vol.% is very low and the suspensions exhibited a Newtonian behaviour. The viscosity of slurries with 55 and 60 vol.% was higher but they were still fluid and easy to cast into the mould. The slurry with 55 vol.% show a Newtonian behaviour whereas that with 60 vol.% show a shear thinning behaviour at low shear rate.
Preparation and characterization of ceramic bodies
Suspensions with a powder concentration of 60 vol.% were used to cast test pieces. Ammonium persulphate (Aldrich) solution and a N,N,N 0 ,N 0 tetramethylene diamine (Aldrich) solution were used as initiator and catalyst, respectively. The amounts added allowed a working time long enough for the necessary manipulation for casting. The slurry was cast into moulds of 55-mm length, 8-mm width, and 5-mm height. The gelification was made at 50 C. The gelled pieces were carefully dried to avoid cracking. After casting, gelification and drying, very well shaped green bodies were obtained. Neither contraction nor cracking was observed and the pieces showed enough strength to be handled.
The dried pieces were sintered at 900 C (1 C/min) for 3 h and, finally, at 1300 C (5 C/min) during 24 h. The thermal treatment produced a compact ceramic body.
Surface and fracture micrographs (SEM) of pieces prepared after sintering are shown in Fig. 11 . The surface is characteristic of compacted ceramics materials. The fracture micrographs show several pores of different size, ranging between 8 and 0.5 mm, distributed in the ceramic matrix quite regularly. The characteristics of the ceramic bodies obtained are shown in Table 3 . The density of the bodies was determined by mercury intrusion porosimetry. Flexural strength was measured as recommended by the standard MIL-STD-1942, using the four-point configuration in a MTS Bionix 858 equiped with a load cell of 2.5 kN. 34 The indentation test was performed in a Matzuzawa microhardness tester, with a Vickers indenter, applying a load of 4.9 N for 15 s. The mechanical properties were measured after surface polishing. The mechanical properties of these pieces are within the range of reported for OHAp. 35, 36 The bodies' density was 95% of the theoretic density. Even thought the powder used to prepare the ceramics bodies was calcined previously at a high temperature (1200 C), neither settling out nor density heterogeneity was observed. However the pieces density and mechanical properties did not result as higher as expected for a ceramic of OHAp calcined at 1300 C during 24 h. This fact must be consequence of the high calcinations temperatures of the initial powder and of presence of CaO that it is know to affect the sinterability of OHAp. 37 The mechanical behaviour of the pieces obtained by this method would discuss in another work.
Conclusions
Dispersed suspensions with high content of OHAp powder (up to 60 vol.%) and low viscosity were obtained.
Surface area, porosity and phase composition of the OHAp powder affected significantly the viscosity of slurries. The slurries with the highest concentration of solids were obtained using OHAp calcined at 1200 C. The concentration of dispersant which provides the minimum viscosity, was different for OHAp calcined at 900 and 1200 C. The most efficient dispersant selected by electrophoretic, sedimentation and viscosity measurement was Darvan 811.
The viscosity was strongly affected by the time of mixing of slurries, increasing with time. Dry milling during 20 h produce powder with a broad distribution of particles size, smallest particle size and the lowest viscosity. The slurries with solid concentration of 40 to 55 vol.% of OHAp calcined at 1200 C showed a Newtonian behaviour and the ones with 60 vol.% show a shear thinning behaviour at low shear rate.
The green bodies prepared had good handling strength and rendered by sintering ceramics bodies with homogeneous microstructure and mechanical properties in the range of that reported for OHAp.
